The chicken winged helix proteins, CWH-1, CWH-2 and CWH-3, were isolated and identi®ed by homology cloning using the winged helix sequence of the retroviral oncogene qin as a probe. The CWH proteins act as growth stimulators in chicken embryo ®broblasts and in this activity resemble the Qin protein. Qin is a transcriptional regulator that functions as a repressor, and its oncogenic potential is correlated with the ability to repress transcription. In this communication we show that CWH proteins are localized in the cell nucleus, recognize the Qin DNA binding site and also function as transcriptional repressors. The repression activity of CWH-3 was mapped to the region of amino acids 211 to 311, a domain that is homologous to the major repression domain of Qin.
Transcription factors belonging to the winged helix protein family are related through a conserved DNA binding domain. They function predominately as developmental determinants of organ formation and tissue dierentiation (Weigel et al., 1989; Lai et al., 1990 Lai et al., , 1991 Lai et al., , 1993 Clark et al., 1993; Costa, 1994; Nehls et al., 1994) . Winged helix proteins also play a role in human cancer. They are associated with somatic translocations that are speci®c for alveolar rhabdomyosarcoma and for an acute lymphocytic leukemia of children Galili et al., 1993; Shapiro et al., 1993; Biegel et al., 1995; Parry et al., 1994) . The carcinogenic potential of winged helix proteins is particularly conspicuous in the retroviral oncogene qin which codes for the avian homolog of brain factor 1 (BF-1) (Li and Vogt, 1993; Li et al., 1995; Chang et al., , 1996 . Qin/BF-1 is a telencephalon-speci®c winged helix protein that plays an essential role in the early development of the brain (Tao and Lai, 1992; Xuan et al., 1995) . The viral, mutated form of the Qin protein induces sarcomas in chickens and transforms chicken embryo ®broblasts in culture. It functions as a transcriptional repressor, and its oncogenicity is correlated with the degree of transcriptional repression (Li, Thurm, Chang and Vogt, 1997, submitted) .
We have used homology cloning to isolate three genes coding for winged helix proteins from the chicken genome (Freyaldenhoven et al., 1997) . These proteins were termed chicken winged helix 1, 2 and 3 (CWH-1, CWH-2 and CWH-3). Overexpression of CWH-1 or CWH-3 and to a lesser degree of CWH-2 confers altered morphology and a clear growth advantage to chicken embryo ®broblasts (CEF). As shown by Northern blot analysis, the three CWH factors are expressed in a tissue speci®c manner (Freyaldenhoven et al., 1997) . In summary, high levels of CWH-1 mRNA were found in embryonic and adult brain and kidney. CWH-3 mRNA was restricted to embryonic lung and intestine. Neither CWH-1 nor CWH-3 messages were detected in adult tissues. CEF expressed CWH-1 and CWH-2 but not CWH-3. In the present communication, we show that the CWH proteins are localized in the nucleus, bind sequence speci®cally to DNA and act as transcriptional repressors. We also mapped the major repression domain of CWH-3 to a C-terminal region of the molecule.
CWH proteins are localized in the nucleus
The subcellular localization of CWH proteins was determined with CWH constructs that also encoded a 9-aa epitope tag (YPYDVPDYA) derived from the in¯uenza virus hemagglutinin protein. This epitope is recognized by the monoclonal antibody 12CA5 (Niman et al., 1983) . Epitope-encoding CWH cDNAs were cloned into the replication competent retroviral vector RCAS (Federspiel and Hughes, 1994) and transfected into CEF using the polybrene-dimethyl sulfoxide method (Kawai and Nishizawa, 1984) . Immunostaining of transfected CEF with the 12CA5 antibody ( Figure 1 ) demonstrated that all three CWH proteins were localized in the nucleus. This result is in accord with published data that identi®ed a nuclear localization signal for HNF-3b in the winged helix DNA binding domain (Qian and Costa, 1995) .
CWH proteins bind sequence speci®cally to dsDNA
We have reported previously that CWH proteins bind with dierent anities to two common DNA target sites for winged helix proteins, the TTR site in the transthyretin promoter and the B2 site in the HNF-1a promoter (Freyaldenhoven et al., 1997) . We now show that all three CWH proteins recognize a doublestranded oligonucleotide probe representing the Qin binding site (Li, Thurm, Chang and Vogt, 1997, submitted) (Figure 2 ). Gel mobility shift assays were performed with full-length CWH-2 and CWH-3 proteins expressed by coupled in vitro transcription and translation. For CWH-1 the winged helix DNA binding domain alone was used in these assays. This truncated form of CWH-1, chosen for its higher translational eciency, is expected to show the same DNA binding properties as the full-length protein since winged helix proteins bind DNA monomers, and all information necessary for speci®c DNA binding is contained in the DNA binding domain . Speci®city of DNA binding was veri®ed by competition with a 100-fold excess of unlabeled oligonucleotide. The three CWH proteins interact with the labeled Qin-binding oligonucleotide, and this interaction can be competed with by the unlabeled target sequence.
CWH proteins act as transcriptional repressors
The transcriptional regulatory potential of the CWH proteins was studied in transient transfection assays. In the ®rst set of experiments, the reporter plasmids carried the cytomegalovirus immediate-early promoter fused to the luciferase gene and either no or six tandem repeats of the Qin binding site upstream of the promoter (Figure 3a) . These reporter plasmids were cotransfected with increasing amounts of the vector pRc/RSV (Invitrogen, San Diego, CA) expressing either CWH-1, CWH-2, or CWH-3. Expression plasmids for c-Qin or c-Qin-VP16 (Li, Thurm, Chang and Vogt, 1997, submitted) served Figure 1 Immuno¯uorescent staining of CEF transfected with RCAS vector alone (a), RCAS CWH-1 (b), RCAS CWH-2 (c), or RCAS CWH-3 (d). The CWH proteins were tagged at their amino-terminus by adding oligonucleotides encoding a 9-aa epitope (YPYDVPDYA) (Freyaldenhoven et al., 1997) . Transfected CEF were seeded at 10 6 cells per 60 mm diameter dish on glass coverslips in HAM's F10 containing 10% bovine calf serum. On the following day they were rinsed with PBS and ®xed in ice cold 1 : 1 methanol/acetone for 5 min. After that coverslips were rinsed in PBS and incubated at room temperature with a 1 : 100 dilution of the monoclonal antibody 12CA5 (Niman et al., 1983) for 30 min. The coverslips were then washed three times in PBS and incubated 30 min with a 1 : 100 dilution of a¯uorescein isothiocyanate-conjugated goat anti-mouse IgG antibody (Sigma, St. Louis, MO). After another three washes in PBS the coverslips were mounted onto glass slides with 10% glycerol in PBS, Magni®cation: 6400
Figure 2 Sequence-speci®c binding of the CWH proteins to the Qin binding site. CWH proteins were obtained by in vitro transcription and translation in reticulocyte lysates of the respective full length cDNAs of CWH-2 and CWH-3 (a) and the cDNA for the winged helix domain of CWH-1 (b) and used in an electrophoretic mobility shift assay as described (Freyaldenhoven et al., 1997 ). An oligonucleotide probe representing the Qin binding site TGTAAACAAA (Li, Thurm, Chang and Vogt, 1997, submitted) was generated by annealing complementary strands and ®lling in 5'-TCGA overhangs with Klenow polymerase and [a- as standards for repressor and activator function, respectively. The vector pCMV-bgal (Clonetech, Palo Alto, CA) was included in each DNA mixture as an internal control for monitoring transfection eciency and normalizing luciferase activity. A signi®cant reduction in luciferase activity was observed in cells transfected with the CWH expressing plasmids and the reporter plasmid containing the Qin binding sites. The degree of reduction correlated with the amount of CWH DNA transfected. CWH-3 caused the strongest reduction in luciferase activity, even surpassing that mediated by c-Qin. Control transfections with reporter plasmids lacking a Qin binding site showed no reduction of luciferase activity in the case of CWH-1 and CWH-3 and only a slight reduction with CWH-2 (Figure 3b ). These results suggest that CWH proteins can act as sequence-speci®c transcriptional repressors.
This interpretation was con®rmed by determining the transcriptional regulatory activity of the CWH proteins fused to the DNA binding domain of the yeast transcription factor GAL4. Full-length CWH cDNAs were cloned in the plasmid pGAL0 (Kato et al., 1990) which codes for the amino terminal domain of GAL4 (aa 1 ± 147) and allows in-frame cloning of DNA fragments to be expressed as GAL4 fusion proteins. The amino terminal region of GAL4 contains the determinants for DNA binding, homodimerization and nuclear localization. The GAL4-CWH constructs were contransfected into CEF with the reporter plasmid pGAL4-TK-LUCI (Li, Thurm, Chang and Vogt, 1997, submitted) which carries the luciferase gene under the control of the TK promoter with ®ve GAL4 binding sites. Expression plasmids for GAL4-c-Qin and GAL4-VP16 (Sadowski et al., 1988) were included as controls. Strong dose-dependent repression of luciferase activity was observed with the three CWH proteins (Table 1 ). The most active construct was again the one expressing CWH-3. Control experiments in which the reporter plasmid lacked the GAL4 binding sites showed some reduction of luciferase activity, but the extent of this repression was only 5 ± 10% of that seen in the presence of GAL4 binding sites (data not shown). We conclude that the CWH proteins can aect transcription from a heterologous DNA target sequence. Therefore, these proteins contain a modular Figure 3 Transcriptional repression by the CWH proteins via binding to the Qin binding site. Results of luciferase assays from cotransfection experiments performed in CEF using a set of reporter plasmids (Li, Thurm, Chang and Vogt, 1997, submitted) with (A) and without the Qin binding site (B). For the expression of the CWH proteins the respective cDNAs were inserted into the expression vector pRc/RSV (Invitrogen, San Diego, CA) as HindIII ± XBaI fragment (CWH-1 and CWH-3) or as XbaI-XbaI fragment (CWH-2). Each transfection mixture contained 1 mg of the respective reporter plasmid, 1 mg pCMV-bgal expression plasmid as internal control, and the indicated amounts of effector plasmids. CEF were plated in HAM's F10 containing 10% bovine calf serum at 6610 5 cells per 60 mm diameter dish and transfected 24 h later following the calcium phosphate technique (Sambrook et al., 1989) . Cells were harvested 48 h after transfection, and luciferase activities in cell extracts normalized to b-galactosidase activity were determined on a luminometer with a Luciferase Assay System (Promega, Madison, WI). All experiments were performed at least three times in duplicates. Results shown were taken from one representative experiment (Kato et al., 1990) . Luciferase activities are normalized to the value obtained with the GAL4 DNA binding domain (=1.0). GAL4 chimeras were constructed by PCR ampli®cation of the cDNAs coding for full length CWH proteins. The ampli®ed cDNA fragments were sequenced and cloned in frame into plasmid pGAL0. The experiments were performed as described in Figure 4 . All experiments were repeated at least three times in duplicates and the results shown were taken from one representative experiment repression domain that can function in conjunction with various DNA binding domains.
The major repression domain of CWH-3 maps to the region of aa 216 to 311
For CWH-3, the strongest repressor in both systems, we constructed a set of amino-terminal and carboxyterminal CWH-3 deletion mutants fused to the GAL4 DNA binding domain and determined their repressor activity by transient transfection together with the pGAL4-TK-LUCI reporter (Figure 4) . The results allow an approximate mapping of the major transcriptional repression domain in CWH-3. CWH-3 deletions from the amino terminus that included the entire winged helix domain did not signi®cantly aect repression. However, deletions extending into the region of aa 216 to 311 which is situated carboxyterminally adjacent to the winged helix domain lost almost all their repression activity. Deletions from the carboxy-terminus that included aa 216 to 311 were also inactive, but a combined carboxy-and amino-terminal deletion that left only aa 216 to 311 of CWH-3 still showed repressor activity. Control experiments con®rmed that the deletion constructs generated equal levels of mutant proteins and that the dierences in repression could therefore not be due to unequal translational eciency of the mutants (Figure 5 ). These data suggest that the major repressor domain of CWH-3 maps to the region of aa 216 to 311. The aa composition of this region is rich in proline (16%), Figure 4 Deletion analysis of the repression domain of the CWH-3 protein. The data are from luciferase assays of cotransfection experiments performed in CEF using a reporter plasmid containing ®ve GAL4 binding sites. GAL4 chimeras were constructed by PCR ampli®cation of the cDNAs coding for full length CWH-1, CWH-2, and CWH-3 or the cDNA fragments coding for deletion mutants of CWH-3 containing the indicated aa of CWH-3. PCR primers included EcoRI (NH 2 -terminal) and XbaI (COOH-terminal) restriction sites allowing in-frame cloning into plasmid pGAL0. DNA fragments derived from PCR ampli®cation were sequenced using oligonucleotide primers internal to the CWH coding sequences. Each transfection mixture contained 1 mg of the respective reporter plasmid, 1 mg pCMV-bgal expression plasmid as internal control for transfection eciency and 3 mg of eector plasmids. CEF were transfected, harvested, and assayed as described in Figure 3 . All experiments were performed at least three times in duplicates. Results shown were taken from one representative experiment. WH indicates the winged helix domain, and the hatched box marks the major repression domain of CWH-3 Whole cell lysates were prepared 48 h after transfection from con¯uent 60 mm diameter dishes containing approximately 3610 6 cells. Cells were lysed by boiling in 16SDS-polyacrylamide gel sample buer for 5 min. Lysates corresponding to 6610 5 cells were separated on a 10% SDS-polyacrylamide gel and electrophoretically transferred to a nitrocellulose membrane at 100 V for 1 h. Filters were blocked for 30 min in 5% nonfat powdered milk/PBS and then incubated in a 1 : 200 dilution of a rabbit polyclonal antiGAL4(DBD) antibody (Santa Cruz Biotechnology, Santa Cruz, CA) in 0.5% nonfat powdered milk/0.5% Triton X-100/PBS for 2 h at room temperature. After three washes in 0.5% Triton X-100/PBS ®lters were incubated in a 1 : 1000 dilution of goat anti-rabbit IgG alkaline phosphatase conjugate (Bio-Rad, Richmond, CA) for 1 h at room temperature. The membranes were washed three times as described above and then developed with a Bio-Rad alkaline phosphatase detection system. The electrophoretic mobility of molecular weight standards is indicated on the left alanine (11%) and glutamine (8%), residues which are characteristic features for the repression domains of prototypical direct transcriptional repressors like the Drosophila KruÈ ppel, Even-skipped and Engrailed proteins (Cowell, 1994; Hanna-Rose and Hansen, 1996) .
Discussion
CWH proteins act as repressors of transcription from promoters controlled by the Qin binding site. Such repression has also been observed with Qin itself (Li, Thurm, Chang and Vogt, 1997, submitted) . The repression activity of CWH-3 was mapped to a region of the protein that is homologous to the major repression domain of v-Qin . The repression domains of CWH-3 and v-Qin were both localized to the carboxyterminal third of the respective proteins. A comparative analysis of the amino acid composition of CWH-3 and v-Qin repression regions revealed a high content of proline and alanine residues as a common and characteristic feature of repression domains found in prototypical direct transcriptional repressors. Though we did not perform a deletion analysis to determine the domains for CWH-1 and CWH-2 repression activity, both proteins also contain proline-rich regions in their carboxyterminal third. An exact alignment of the respective amino acid sequences of CWH proteins and Qin is not possible however, because the proteins dier signi®cantly in their amino acid sequences outside the conserved winged helix domain.
The development of multicellular organisms is regulated by a co-ordinate interaction of transcriptional activation and repression of speci®c genes during cell growth and dierentiation. Lack of expression or inappropriate expression of developmentally regulated genes often results in loss of growth control and may lead to tumor formation. Transcription factors can exert an inhibitory eect on transcription by titrating a positively acting factor, by blocking a DNA target sequence or by direct interaction with the basic transcriptional machinery of the cell. Direct transcriptional repressors generally contain a modular domain that can confer the repression ability to the DNA-binding domain of another factor. We have demonstrated that a stretch of 96 amino acids of CWH-3 can convert GAL4 into a potent repressor of transcription. Interestingly, the repression domains of the Wilms tumor suppressor protein WT1 and those from several direct Drosophila repressors including KruÈ ppel, Even-skipped and Engrailed share proline-rich residues as a common feature (Madden et al., 1993; Cowell, 1994; HannaRose and Hansen, 1996) . These are also found in CWH-3 and Qin repression motifs.
Repression by Qin is correlated with oncogenic potential and appears to be required for oncogenesis. For the CWH proteins, a possible role of repression in their growth-promoting eects remains to be demonstrated. Such a link could be established by studying the properties of chimeric constructs in which the repression domains of CWH proteins are replaced by heterologous activation and repression domains or by analysing mutants of CWH that show enhanced oncogenic potential. Preliminary observations suggest that such mutants can be selected for in the course of replicating CWH sequences with the aid of the RCAS retroviral vector. If a correlation between transcriptional repression and oncogenic activity can be found for the CWH proteins, then it becomes likely that downstream targets that eect oncogenic transformation are growth-attenuating genes, possibly tumor suppressor genes. The search for these genes then becomes an important challenge.
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